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Abstract: As one of the lightest structural metals, the application breadth of aluminum alloys is,
to some extent, constrained by their relatively low wear resistance and hardness. However, laser
cladding technology, with its low dilution rate, compact structure, excellent coating-to-substrate
bonding, and environmental advantages, can significantly enhance the surface hardness and wear
resistance of aluminum alloys, thus proving to be an effective surface modification strategy. This
review focuses on the topic of surface laser cladding materials for aluminum alloys, detailing the
application background, process, microstructure, hardness, wear resistance, and corrosion resistance
of six types of coatings, namely Al-based, Ni-based, Fe-based, ceramic-based, amorphous glass, and
high-entropy alloys. Each coating type’s characteristics are summarized, providing theoretical refer-
ences for designing and selecting laser cladding coatings for aluminum alloy surfaces. Furthermore,
a prediction and outlook for the future development of laser cladding on the surface of aluminum
alloys is also presented.

Keywords: aluminum alloy; laser cladding; material system; research status

1. Introduction

Aluminum and its alloys are regarded as one of the most pivotal metal materials of
the 21st century [1,2]. Its content in the earth’s crust is as high as 7.73%, ranking third,
following only oxygen and silicon, which makes it the most abundant of the metallic
elements. The tensile strength of pure aluminum (with an aluminum content not less than
99.60%) is 70-130 MPa, its elongation rate is 6—43%, and its hardness is 35 HB [2-9]. An
aluminum alloy is made by adding some other elements to pure aluminum. Thus, its
performance outperforms pure aluminum. Aluminum alloys possess high specific stiffness,
high specific strength, excellent corrosion resistance, and easy processability [10-12]. It
is not only widely used in aerospace, rail transit, shipbuilding, automotive, and military
fields, but its development trend is towards larger sizes, integration, complex shapes, and
high precision, making it the first choice for lightweight design [12-22].

However, the surface of aluminum alloys is soft, lacking high wear and heat resis-
tance [23-25]. This restricts its application in mechanical parts requiring high surface
hardness, wear resistance, and heat resistance [26-28]. Meanwhile, with the rapid develop-
ment of the equipment manufacturing industry, many critical components of mechanical
equipment have failed and been scrapped in harsh and complex environments, causing
tremendous economic losses and a high equipment failure rate. There is an urgent need to
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explore efficient, green, emerging manufacturing technologies to enhance the lifespan of
crucial new parts and remanufacture and repair outdated equipment.

Surface modification technology can be used to improve the surface performance of
these parts. Currently, relatively mature surface modification technologies include thermal
spraying, physical vapor deposition, electroplating, and laser cladding [29-32]. Among
these, the most developed technologies are thermal spraying, physical vapor deposition,
and electroplating. Even though they can effectively improve the surface performance
of aluminum alloys, they all have specific issues. For instance, thermal spraying can
form a thick coating, but inclusions and pores may appear, leading to poor bonding. The
coating produced via physical vapor deposition is thin, and the high-temperature working
environment may cause organizational changes at the bottom of the coating, resulting
in the peeling of the coating [28]. The coating produced via electroplating is not dense
enough, and the electroplating solution causes significant environmental pollution. Laser
cladding technology has emerged with the development of laser and surface modification
technologies [33-38]. By utilizing a laser beam to melt the cladding material and the surface
of the base body and allowing it to solidify to form a cladding layer that metallurgically
bonds with the base body, it can be used for the surface strengthening of new parts and the
remanufacturing and repair of failed parts [39-42].

Laser surface modification technology occupies an advanced position in surface en-
gineering. Its research began in the 1960s, but it was not until the early 1970s that it was
practically applied [37,38,43]. The technique is widely acknowledged for its efficiency,
pollution-free nature, and low material consumption. At its core, it uses lasers as a heat
source to treat the surface of the metallic materials, optimizing their microstructure, phase
structure, and chemical composition to enhance surface properties. Unlike traditional
whole-body heat treatments, the laser only affects the surface, preserving the overall
material properties. Its key features include a high heating speed, high power density, min-
imal heat-affected zones, adaptability to complex parts, energy reduction, cost reduction,
and suitability for automation. The main processes include laser phase transformation
hardening, melting hardening, laser shock hardening, laser alloying, and laser cladding.

Laser phase transformation hardening involves rapidly scanning the workpiece with
a high-energy laser beam, bringing the surface to a phase change point below the melt-
ing point at, a heating rate 10*~10° °C/s [44,45]. The cooler workpiece substrate then
undergoes rapid self-quenching at a cooling rate of 10*~108 °C/s, creating the surface
phase transformation hardening. Laser melting hardening uses a laser beam of extremely
high power density to instantly heat a localized metal surface region above its melting
point [46—48]. Then, through the cooling effect of the cold metal substrate, the thin melted
metal surface rapidly solidifies, resulting in a modified surface layer that may or may
not have the same composition as the substrate but possesses different properties. This
technique applies to both ferrous and non-ferrous metals and not only corrects surface
defects like pores, cracks, and impurities but also enhances surface performance.

Furthermore, it can be employed for remelting plasma-sprayed coatings that are
wear-resistant, heat-resistant, and corrosion-resistant, and for remelting laser-clad coatings,
making it highly versatile. Laser shock hardening irradiates the metal workpiece surface
with a short-pulse laser of ultra-high power density, causing the surface material to rapidly
vaporize and generate shockwaves with pressures up to 10* Pa [49-51]. This leads to
a significant toughening deformation on the metal surface, resulting in hardening. The
microscopic structure in the laser shock zone showcases a complex network of tangled dis-
locations, akin to the substructures seen in materials post-explosion or rapid planar shock,
significantly enhancing the material’s surface strength, yield strength, and fatigue life.

Laser alloying melts the substrate metal surface using a high-energy laser while in-
troducing alloying elements [52,53]. This forms a concentrated, uniformly mixed alloy
layer on the substrate surface, giving it resistance to wear, corrosion, and high-temperature
oxidation. Due to the swift nature of laser alloying, solute elements primarily achieve uni-
formity through liquid-state convection. This means that the composition of the laser alloy
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can greatly differ from conventional alloy compositions. Moreover, the process can replace
expensive whole alloy substrates with cheaper base materials, reducing manufacturing
costs and substantially improving production efficiency. Methods like preset material,
synchronous powder feeding, and laser gas alloying are employed during laser alloying.

Laser cladding, a branch of laser surface modification, was first researched in the 1970s,
emerging with the development of high-power lasers. Here, cladding material is added to
the workpiece surface. When exposed to a high-energy laser, both the cladding material
and a thin layer of the substrate metal melt quickly, then rapidly solidify into a cladded
layer, resulting in a modified or coated layer with the desired properties. The power density
distribution for laser cladding ranges between 10* and 10 W/cm?, positioning it between
laser hardening and laser alloying in terms of application. Laser cladding, compared
with traditional surface modification technologies, has many advantages: it applies to a
wide range of material systems; enables rapid heating and swift cooling, leading to the
refinement of the cladding layer composition; has a low dilution rate, and bonds well with
the substrate; has a minimal heat-affected zone on the base material; offers high energy
utilization rate; and is an environmentally friendly process [54,55]. Therefore, the laser
cladding of aluminum alloys has broad development prospects. However, it is not without
its challenges. The equipment and operational costs associated with laser cladding can be
high. The technique also demands precise control over laser parameters; mismanagement
can induce defects like cracking, porosity, or unwanted phase formations.

Additionally, there are potential risks of substrate damage from excessive laser energy,
and the process requires skilled operators for optimal outcomes. Laser cladding has found
extensive applications in sectors like oil and gas, aerospace, and automotives, enhancing
wear and corrosion resistance despite its limitations. It is also invaluable for restoring or
repairing complex or costly components, demonstrating its significance in contemporary
material engineering.

Laser cladding technology integrates laser technology, computer-assisted manufac-
turing, and automated control technology. It is worth noting that aluminum alloys have a
strong reflective effect on laser beams, with their reflectivity mainly inversely proportional
to the wavelength of the laser [38,56]. Aluminum’s interaction with electromagnetic radia-
tion, particularly in the visible and infrared regions, is dictated by its dielectric function
and interband transitions. Aluminum’s high reflectivity arises from its conduction-electron
solid response, governed by its free electrons. Spectrally, aluminum exhibits increased
reflectivity for longer wavelengths, which is clearly evidenced by its response to different
lasers. For instance, for a CO; laser with a wavelength of 10.6 um, the laser reflectivity
is as high as 90%. For a Nd: YAG laser with a wavelength of 1.06 um, the absorption
rate is seven times that of a CO; laser. Radiation photo-absorbent materials can enhance
absorptivity to address this challenge, especially in more extended wavelength lasers. The
application of laser cladding on aluminum alloys is closely tied to developing a high-quality,
high-power laser.

Laser cladding technology uses the laser beam’s energy to simultaneously melt the
coating powder and the surface of the substrate, forming a well-bonded coating when the
laser beam moves away and the molten pool solidifies quickly. Therefore, laser cladding
technology has the advantages of high processing efficiency, high-quality coating prepara-
tion, and environmental friendliness.

Two types can be distinguished depending on the method of inputting cladding
materials: the pre-placed powder method and the synchronous powder feeding method, as
depicted in Figure 1 [38]. The pre-placed powder method is simple to operate. However,
due to its lower-quality cladding layer, it is not suitable for industrial production. The
synchronous powder feeding method, including synchronous side feeding and coaxial
feeding, provides excellent-quality cladding layers and is conducive to automated control.
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Figure 1. Schematic diagram of laser cladding ((a) is the pre-placed powder method; (b) is the
synchronous powder feeding method) [38].

As shown in Figure 2, the geometric shape of the laser cladding layer typically includes
the height (H), width (D), depth (h), wetting angle (6), and dilution rate (y) of the cladding
layer. The dilution rate y can be mathematically represented by the formula y = h/(h + H).
Selecting appropriate cladding materials and sensible cladding process parameters is vital
to acquiring a well-formed, high-performance, high-quality cladding layer. The choice of
cladding material will determine the performance of the cladding layer. In contrast, the
cladding process parameters will directly influence the layer’s geometric shape, structure,
and performance. Standard parameters for the laser cladding process include laser power,
scanning speed, spot diameter, overlap rate, degree of dilution, and the quantity of powder
supplied, which is an influential factor in determining the thickness of the coating.

W

Coating

Substrate

Figure 2. Cross-section diagram of the cladding layer.

Currently, the primary material systems for the laser cladding of aluminum alloys
include metal-based alloys, ceramic-reinforced composites, and emerging materials such as
amorphous and high-entropy alloys. These cladding materials typically come in powder,
wire, or sheet form, of which the powder form is the most widely used in industrial
applications. This article mainly compared aluminum alloy laser cladding based on the
cladding material system. It details the process of using powder cladding materials under
different experimental conditions and their forming and organizational performance. It
identifies current issues with applying other component powders in the laser cladding of
aluminum alloy surfaces. Finally, we summarize and forecast the future development of
the laser cladding of aluminum alloys.

2. Metal Based Alloys

In the field of laser cladding technology, research on metal-based coatings for alu-
minum alloy surfaces predominantly focuses on three primary categories: Al-based, Fe-
based, and Ni-based coatings.
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2.1. Al-Based Alloys

Due to its low heat input and high automation, laser cladding technology has been
widely applied in metal repair, especially in restoring Al-based alloys. Many scholars have
reported on this.

Meinert et al. [57] first laser-clad the 4000 series aluminum alloy onto the surface
of 6061 and 7075 aluminum alloys. They found that the tensile strength of the repaired
specimens was 61% and 64% of the original 6061-T6 and 7075-T651 samples, respectively.
Cottam et al. [58] studied the laser cladding of a 7075 aluminum alloy powder on the
surface of a 7075 aluminum alloy. The hardness of the cladding layer they prepared
was about 80% of the matrix. Heat treatment can bolster the hardness of the coating,
yet it concurrently amplifies the residual stress within the coating. Figure 3 is pivotal in
illustrating the sample’s residual stress distribution, a key factor influencing the material’s
performance and durability. To be precise, Figure 3a—c map out the stress distribution in
the substrate, the as-clad coating, and the heat-treated coating, respectively. A nuanced
evaluation reveals that the substrate exhibits the most average residual stress. Importantly,
this figure underscores the transformative effect of the heat treatment: the residual stress in
the coating treatment is approximately double that of the as-clad coating. Such insights
emphasize the critical nature of understanding and controlling residual stresses in various
processing conditions.
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Figure 3. The residual stress of (a) substrate; (b) as-clad sample; (c) heat-treated samples [58].

Corbin et al. [59] conducted a study where they applied laser cladding to deposit
6061-T6 aluminum alloy powder onto the surface of a 6061 aluminum alloy substrate.
Figure 4 represents the cladding’s cross-sectional images, with Figure 4a demonstrating
the cladding on the narrow substrate and Figure 4b displaying the coverage on the wide
substrate. It can be found that there are no apparent defects, such as pores and cracks,
in the single coating. They observed the presence of coarse and sparse 3’ precipitates in
the cladding layer, resulting in a lower hardness than the substrate. In the heat-affected
zone, fine and abundant B” precipitates were maintained, which resulted in hardness
levels similar to the substrate in that region. These studies indicate that in aluminum alloy
repair technology, the performance of the cladding layer is generally lower than that of the
aluminum matrix, and issues such as abrupt changes in hydrogen solubility, alloy element
ablation, poor powder fluidity, and ease of oxidation exist. Therefore, some researchers
have conducted in-depth studies on aluminum alloy repair technology for aspects such as
powder feeding devices, process optimization, and post-welding treatment to improve the
quality of the cladding layer.

Yang et al. [60] used a high-power diode laser to repair ZL205A aluminum alloy
casting defects, which then went through a solution treatment in water at 535 °C for 11 h,
followed by artificial aging at 175 °C for 5 h; the hardness of the coating was increased to
134 HV. In contrast to Corbin’s research, significant pores were found in the cladding layer.
Figure 5 depicts the cross-sectional morphology of the coating, with Figure 5a showing the
macroscopic interface and Figure 5b highlighting the pore features.
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Figure 4. The cross-sectional images of the claddings produced on (a) narrow substrate and (b) wide
substrate [59].

Figure 5. Coating morphology with (a) illustrating the cross-sectional view and (b) showing the pore
SEM imaging [60].

Regarding process optimization, Song et al. [61] have conducted research to enhance
the damage tolerance of aircraft skin. Their approach centers on exploring the benefits of
laser cladding aluminum alloy structures for improved crack resistance. They developed
a three-dimensional finite element simulation model, incorporating a double ellipsoid
heat source and the sequentially coupled thermal-mechanical analysis method. Figure 6
depicts the residual stress distribution in cladded samples under varying laser powers.
It was discovered that with increased laser power, the residual compressive stress in the
models was enhanced due to an increase in heat energy input, which broadened the thermal
influence range and intensified the temperature gradient in the heat-affected zone. This
amplified the stress response, particularly in areas where the coating meets the substrate.
Their findings suggest that the laser cladding samples reach peak crack resistance at a laser
power of 1400 W and a laser scanning velocity of 10 mm/s. Remarkably, they discovered
that a sample with a cladding coating length of 50 mm exhibited a fatigue life that was
2.93 times longer than an untreated sample. Moreover, their research points to the superior
crack resistance performance of a linear pattern compared to other patterns, with the
cladding angle of the linear design at “0” resulting in the highest performance. This research
underscores the enhanced fatigue life of samples treated with laser cladding, a benefit
attributed to the induced residual compressive stress from the laser cladding process.

Additionally, they found that modifying the laser parameters, such as increasing the
laser power or reducing the laser scanning velocity, could further extend the fatigue life of
laser-treated samples. The study concludes that various factors, including laser parameters,
laser cladding patterns, and angles, can influence the fatigue life of the samples. Some
researchers also prepared aluminum-based coatings on the surface of aluminum alloys to
improve their surface performance.
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Figure 6. The distribution of residual stress under various laser power levels ((a) shows Path-1,
(b) illustrates Path-2, and (c) represents Path-3 [61]).

Dubourg et al. [62] studied the mechanical properties of Al-Cu alloy coatings laser-
alloyed onto the surface of pure aluminum. The results showed that when the Cu content
was 40%, the hardness of the alloy was the highest, reaching 250 &+ 10 HV,.

Table 1 presents the key findings for Al-based alloys. In summary, the use of Al-
based alloys to address defects in aluminum alloy components has improved considerably.
Leveraging Al-based materials can result in cost reductions. Nonetheless, challenges persist
when using Al-based alloys as modification coatings. The degree of hardness enhancement
achieved through such coatings is often limited, and while heat treatment might intensify
surface hardness, it concurrently amplifies the residual stress within the coating. Moreover,
even though the integration of ceramic materials can significantly augment hardness,
potential issues related to coating cracking must be considered.

Table 1. Key findings on Al-based alloy coatings.

Authors

Coating Material Key Findings

Meinert et al. [57]

Repaired specimens had tensile strengths of 61% and 64% of

4000 series Al their original counterparts.

Cottam et al. [58]

The cladding layer’s hardness was 80% of the matrix. Heat
7075 Al treatment improved the hardness but also increased residual
stress.

Coatings produced were without apparent defects. The

Corbin et al. [59] 6061-T6 Al cladding layer had coarser 3’ precipitates with reduced
hardness.
Dubourg et al. [62] Al-Cu alloy At 40% Cu content, alloy hardness peaked at 250 + 10 HV 5,

2.2. Fe-Based Alloys

Fe-based alloy powders, with excellent wear resistance, low cost, and wide availability,
have been used by some researchers for laser cladding onto the surface of aluminum alloys
to improve surface wear resistance and anti-deformation.

Jeyaprakash et al. [63] used laser cladding technology to prepare a FeCrMoVC (H13 steel)
cladding layer on the surface of an AA6061 aluminum alloy. The coating structure contained
large carbides and martensite, the carbides formed by vanadium and molybdenum signif-
icantly improve the hardness of the coating. Compared with the base material, the wear
resistance of the layer increased by nine times, and the surface roughness of the coating after
wear was reduced by three times. Ye et al. [64] prepared a Fe-Al intermetallic compound
cladding layer on the surface of ZL114A aluminum alloy. The microhardness of the cladding
layer was as high as 614 HV, which is 5 to 6 times higher than the base material. Figure 7
shows the microstructure of the coating transition zone. Figure 7a illustrates the interface
between the melt pool and the matrix, highlighting evident grain refinement in the transition
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zone due to the rapid heating and cooling of the aluminum alloy surface. Figure 7b reveals
the formation of dendritic grains along a specific growth direction at the bottom of the melt
pool. In Figure 7c, these dendritic grains transform into equiaxial grains at the top of the melt
pool. Cracks were found in the bonding zone, as shown in Figure 7d.

Cladding layer

A Transition zone

e

—Sopm —Stpm

Figure 7. SEM images of the coating, (a) is the bottom of the transition zone, (b) is the middle of the
transition zone, (c) is the top of the transition zone, and (d) is the macroscopic morphology of the
bonding zone [64].

Tomida et al. [65] used a 2.2 kW continuous-wave CO; laser to prepare an xXWt.%Al/Fe
alloy coating on the surface of an A5052 aluminum alloy, including four Al-Fe mixed
coatings with Al contents ranging from 10 wt.% to 40 wt.%. The results showed that the
microstructure of the cladding layer consisted of x-Al + FeAls, FeAls, and FepAls, and the
hardness reached 600-1000 HV. The alloy layers with fine needle-like FeAlz and Fe,Als
composite structures also have high hardness at a temperature of 673 K, 300 HV, and
800 HYV, respectively. The wear resistance of such a coating is about 4-5 times higher than
that of the aluminum alloy matrix. Mei et al. [66] found that the Fe-based coating prepared
on the surface of an Al-Si alloy contained austenite, Cr;Cs, and Crp3Cg; a-Al, NiAlz, Fep Als,
and FeAl, were present at the junction; and «-Al and Si were present in the heat-affected
zone. Due to the generation of brittle intermetallic compounds, the coating was prone to
cracking. Carroll et al. [67] performed the laser cladding of Fe powder prefabricated on the
surface of a 319 aluminum alloy. The Al-Fe-Si intermetallic compound formed increased
the hardness of the coating, but there was a significant increase in brittleness.

Table 2 presents the key findings for Fe-based alloys. In summary, using Fe-based alloy
powder in laser cladding offers advantages like notable improvements in the mechanical
properties of aluminum alloys and enhanced wear resistance at a low cost, but it also
poses challenges. Specifically, Fe-based powder coatings on aluminum alloys can form
various Fe-Al phase intermetallic compounds. This results in the frequent generation of
defects such as pores and cracks in the bonding region, in addition to the challenges of
pore formation in the cladding layer, limited enhancement in corrosion resistance, and the
propensity for brittle intermetallic compounds. In response to these issues, future research
may need to optimize cladding processes and alloy components further to improve the
performance and stability of the coating.

2.3. Nickel-Based Alloys

Nickel-based alloys are known for their high hardness, wear resistance, corrosion
resistance, and excellent resistance to high-temperature oxidation. They also have good
wetting properties with aluminum substrates. Several advancements have been made in
the laser cladding of aluminum alloys with nickel-based alloys.
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Table 2. Key findings on Fe-based alloy coatings.

Authors

Coating Material Key Findings

Jeyaprakash et al. [63]

Coating has enhanced wear resistance; reduced surface

FeCrMoVC
roughness after wear.

Ye et al. [64]

Cladding layer has a hardness 5-6 x that of the base material;

Fe-Al intermetallic compound cracks noted in bonding zone.

Tomida et al. [65]

Wt.%Al/Fe alloy (Al content: The hardness of 600-1000 HV; wear resistance 4-5x greater
10-40 wt.%) than base matrix.

Mei et al. [66]

Contains multiple intermetallic compounds; prone to cracking

Fe-based coating due to brittle intermetallic compounds.

Carroll et al. [67]

Increased hardness with the Al-Fe-Si compound; significant

Fe powder . . R
p increase in brittleness.

Wu et al. [68] applied a self-fluxing nickel-based powder coating to an AlSi;Mg
aluminum alloy surface via laser cladding. They found that different microstructures were
formed in various regions of the coating. The top of the cladding layer consisted of a
substantial amount of block- and network-shaped intermetallic compounds; the middle
part had (Ni, Cr, Fe)xCy intermetallic compounds. At the same time, columnar o-Al
dendrites with a distinct growth direction were prevalent at the bottom. The highest
hardness, reaching 8200 MPa, was recorded in the top and middle parts of the coating.
Adjusting the scanning speed could control the formation of pores and cracks in the coating.

He et al. [69] created a TiB,-reinforced nickel-based composite coating on a 7005 aluminum
alloy. The coating contained NiAl, NizAl, Al3Nip, TiB,, TiB, TiC, CrB, and Cry3C6 phases. Re-
garding the wear properties, a disk-type dry friction wear test was performed. Corundum, with
a hardness of 9 on the Mons’ scale, was the friction coupling, measuring $40 mm x 10 mm.
The wear samples were fashioned into 4.5 mm diameter and 10 mm height cylindrical shapes.
The test was executed at a rotating speed of 100 r-min~!, subjected to a load of 20 N for 900 s.
The hardness was 6.7 times that of the substrate, and the mass loss was reduced by up to 32.7%.
As shown in Figure 8, the morphology of the TiB, /Ni-based composite coating revealed that
the powder was not fully melted, resulting in significant pore defects between particles.

Figure 8. SEM of a cross-section of coating, (a) is the macroscopic morphology and (b) is the
microstructure in the middle of the coating [69].

Liang et al. [70] prepared a NiCrBSi cladding layer on an Al-Si alloy surface using
a CO; laser. The cladding layer contained a large amount of NizAl, with the highest
microhardness reaching 1200 HV. In addition, by analyzing the aluminum-nickel eutectic
system composition, they discovered that the solid solution formed by Cr, Si, and B with
Al helped improve the resistance of the aluminum alloy to gas corrosion.

These studies suggest that forming aluminum-nickel intermetallic compounds can
significantly enhance the hardness and wear resistance of coatings. However, the aluminum
alloy substrate’s and nickel-based cladding materials’ physical and chemical properties
differ greatly. As a result, defects such as cracks and pores can quickly form in the cladding
layer. Relevant studies have shown that adding rare earth elements can alleviate this issue.
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Wang et al. [71] added 5% rare earth elements to the Ni60 alloy during laser cladding
on the surface of a 6063 aluminum alloy. They found that adding rare earth elements could
improve the fluidity of the melt pool during the solidification process of the cladding layer
and purify the melt pool. As shown in Figure 9, when only Ni60 alloy powder was used,
many pores and cracks appeared in the cladding layer. After adding a certain amount
of rare earth elements, the defects in the cladding layer, such as pores and cracks, were
noticeably improved. After adding rare earth elements, the cladding layer’s structure was
refined, with no apparent pores or segregation.

Figure 9. SEM of a cross-section of coatings, (a) is Ni60, (b) is LapO3 + Ni60, (c) is YoO3 + Ni60, and
(d) is CeO, + Ni60 [71].

Zhang et al. [72] prepared a nickel-based cladding layer with a nickel-copper ratio of
4:1 on the surface of a 6061 aluminum alloy. They added a certain proportion of rare earth
CeO;, Si, and Co powders to the cladding powder. The top of the coating was primarily
composed of equiaxed crystals, dendrites, and tiny equiaxed crystals, while the bottom
of the cladding layer was mainly composed of long rod-shaped crystals, dendrites, and
some particles. After adding CeO,, Si, and Co powders into the cladding materials, the
cladding layer’s hardness increased, and the average friction factor decreased, thanks
to the grain refinement of CeO; and the dispersion strengthening effect of Si and Co in
the coating. Figure 10 portrays the microstructural variances across the top and bottom
regions of Ni-Cu, CeO, /Ni-Cu, Si/Ni-Cu, and Co/Ni-Cu composite coatings. Specifically,
Figure 10a,b demonstrate the microstructure of the top and bottom regions in a 100 wt.%
M coating, wherein the top area is primarily populated by grey rod-like and equiaxed
grains. The bottom zone, conversely, presents a different structure. Figure 10j,k extend
this analysis to the Co/M coating, revealing that the top region predominantly comprises
short dendritic phases. Figure 10d—f illustrate the microstructure when the base metal is
alloyed with 0.9 wt.% of cerium oxide (CeOy), resulting in a composition that is 99.1 wt.%
M and 0.9 wt.% CeO,. This minor addition of CeO, is intended to investigate the effects of
rare earth oxide inclusion on the microstructure. Figure 10g-i display the coatings where
silicon (Si) has been added at 0.9 wt.%, making up a total composition of 99.1 wt.% M with
the inclusion of silicon. This variation is aimed at understanding the influence of Si on the
microstructural characteristics of the coating. The corresponding XRD results, illustrated in
Figure 10cl, corroborate these structural characterizations. These findings underscore the
significant microstructural differences between the top and bottom regions across various
composite coatings.

Table 3 presents the key findings for Ni-based alloys. Current domestic and inter-
national research shows that with the use of a laser heat source, the temperature field
distribution of the melt pool is uneven, leading to different structures at the top and bottom
of the cladding layer. Nickel-based alloys, especially when modified with Ni-based materi-
als as the coating, have good compatibility with the aluminum substrate. The intermetallic
compounds formed by Ni and Al not only improve the hardness of the cladding layer but
also significantly increase its brittleness. Introducing rare earth oxides in a Ni-based coating
material can enhance the quality of the formed layers, and this approach has garnered
attention as a method for improving the coating’s formation quality. However, there is a
critical consideration: the melting point of many rare earth oxides surpasses the boiling
point of aluminum alloys. In producing superior coatings, the laser heat input must achieve
a delicate balance—sulfficient to melt the added powder thoroughly but without overly
diluting or evaporating the substrate. This challenge narrows the range of acceptable
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process parameters for laser deposition when incorporating high-melting-point rare earth
oxides, increasing the influence of system errors on the coating quality during experimen-
tation. Achieving a uniform microstructure, refined grains, and reasonably controlling the
formation of brittle and hard phases is critical to the laser cladding of nickel-based alloys on
the surface of aluminum alloys. Simultaneously, while the inclusion of rare earth elements
can notably enhance the quality of the formed coatings and diminish their sensitivity to
cracking, the elevated costs and high melting point characteristics associated with these
elements necessitate technological advancements to mitigate these issues when applying
nickel-based coatings in aluminum alloy surface cladding.
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Figure 10. Characteristic microstructures of cladding coatings across different compositions. (a—c) is
100% wt. M (d—f) is 99.1% wt.%M + 0.9 wt.% CeO; (g-i) is 99.1% wt.%M + 0.9 wt.% Si (j-1) is 99.1%
wt.%M + 0.9 wt.% Co [72].

Table 3. Key findings on Ni-based alloy coatings.

Authors Coating Material Key Findings

Microstructure variations; peak hardness at 8200 MPa; effect of

Wu et al. [68] Nickel-based alloy speed on defects

TiB,-reinforced nickel-based Coating hardness 6.7 x substrate; mass loss reduced by 32.7%;

Heetal. [69] composite notable pore defects.

Enhanced coating hardness and wear resistance compared to

Tan et al. [73] Nickel-based alloy substrate
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Table 3. Cont.

Authors Coating Material Key Findings
Liang et al. [70] NiCrBSi Cladding contains NIB?;(‘;\S;E \E; peak microhardness of
Wang et al. [71] Ni60 alloy with 5% rare earth Rare earth elements improved coating structure and
& ’ elements reduced defects.
Nickel-based (Ni-Cu ratio of 4:1) Additives (CeO,, Si, Co) improved coating hardness and
Zhangetal. [72] with CeO», Si, and Co reduced friction.

3. Ceramic-Reinforced Composite Coating

Ceramics, with their high hardness, high melting point, and excellent wear resistance,
are widely acknowledged as suitable materials for laser cladding. Adding ceramic particles
to metal-based laser cladding materials can exploit the non-linear superimposed effects of
their physical properties between the ceramic reinforcement phase and the metal matrix.
Combining the excellent toughness and machinability of the metal matrix with the high
hardness and wear resistance of the ceramic reinforcement phase can enhance the surface
of the base material. In laser cladding on the surface of aluminum alloys, ceramic phases
are commonly used as reinforcement, added to the metal-based composite materials. These
ceramic phases include carbide ceramics, such as WC, SiC, TiC, oxide, nitride, and boride.

Sun et al. [74] via laser cladding, prepared a SiC/Al-12Si composite coating on the
surface of an Al-12Si aluminum alloy substrate. Studies have found that the layer and the
substrate are divided, and the organization of the bonding area is mainly composed of
a-Al dendrites, a small amount of Al-Si eutectic, and a small number of SiC particles. In
contrast to the base material, the hardness of the cladding layer increased by about two
times, reaching approximately 260 HV .

Anandkumar et al. [75] prepared a 12 wt.%TiB;/Al-based composite coating on the
surface of a 7 wt.%Si/ Al casting aluminum alloy via laser cladding. To assess the wear
performance of the prepared cladding, microscale abrasive wear tests were conducted
using a ball cratering device. The abrasive medium for these tests was a suspension
containing 35 wt.% SiC particles (with an average diameter of 4.25 um) in water. The
counter body, which rotates against the sample’s surface during testing, was a 19 mm
diameter sphere made of quenched and tempered AISI 440C tool steel, boasting a hardness
of 800 HV. The tests employed a uniform sliding distance of 150 m and exerted a regular
load of 0.1 N. The cladding layer mainly consisted of «-Al dendrites and «-Al-Si eutectic,
with a micro-hardness of 156 HV;, an approximately 1.7 times increase compared to
the base material. Figure 11 illustrates that the microstructure of the deposited material
is highly dependent on the laser processing parameters. A cladding prepared with a
power density of 330 W/m? and a brief interaction time of 0.08 s—corresponding to a
specific energy of 26 ] /m?>—exhibits a microstructure primarily composed of SiC particles
dispersed within an aluminum alloy matrix, as shown in Figure 11a. This matrix comprises
primarily «-Al dendrites and an «-Al+5i eutectic, as shown in Figure 11d. The volume
fraction of SiC stands at 28 & 3%. The TiB, reinforcement phase in the coating effectively
protected it, enhancing its wear resistance and reducing its sliding friction coefficient to
2.65 x 107> mm?/(N-m), approximately 2.4 times lower than the base material.

They [76] also laser clad a mixture of Al-12%Si and TiC ceramic particles on the
surface of Al-7%Si casting aluminum alloy, successfully obtaining a cladding layer with no
apparent defects. The cladding layer mainly contains uniformly distributed TiC particles,
interdendritic x-Al+Si eutectic, dendritic «-Al, and a small amount of Ti3SiCy, indicating
the partial dissolution of TiC particles. The cladding layer’s friction coefficient decreased
2-3 times compared to the base material. Only a small amount of Al and Si were found in
the worn-off material from the base material’s surface, with no TiC particles detected.
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Figure 11. Microscopic illustrations of a coating formulated utilizing a power density of 330 MW /m?
and a contact period of 0.08 s. (a) is a transversal representation of the layer; (b,c) are SiC particles
scattered in the matrix; and (d) is the intricate design of the matrix at a microscopic level [75].

Liu et al. [77] prepared an Al-Si-based composite layer reinforced with SiC particles
on a 4032 aluminum alloy. Chemical copper plating improved the wettability between SiC
and the substrate, while increasing the SiC content within a specific range can reduce the
cladding layer’s wear.

Li et al. [78] prepared a Ti/TiBCN coating on the surface of a 7075 aluminum alloy
using laser cladding. To evaluate the wear resistance of the cladding coatings, tests were
conducted using an MFI-R4000 straight-line-reciprocating dry sliding wear tester at room
temperature without any lubrication. The test parameters were set at a normal load of
5N, a friction distance of 5 mm, a frequency of 2 Hz, and a sliding duration of 20 min.
The counterpart material for the friction test was GCr15 steel (5 mm in diameter), with
a macro-hardness of HRC65. Figure 12 presents a detailed look at the microstructures
in various zones. Figure 12a,b reveal the microstructure of the coating zone, composed
primarily of equiaxed grains and uniformly dispersed white lath-like crystals. Figure 12¢,d
portray the transition zone’s microstructure, notable for its sudden shift from equiaxed
grains to an elongated structure filled with small white particles. Figure 12¢,f depict the
heat-affected zone’s microstructure, characterized by a transverse equiaxed crystal structure
resulting from the effects of rapid heating and cooling. The average hardness of the coating
is 519.4 HV 5, 4.3 times that of the base material; the average friction coefficient of the layer
is 0.208, half that of the base material. Compared with solely Ti powder cladding, adding
a certain proportion of TiIBCN ceramics to the cladding material can further enhance the
coating’s wear resistance and corrosion resistance. When the TiBCN content is 15%, the
wear and corrosion opposition reach their best.

He et al. [69] prepared a Ni-based alloy composite coating reinforced with TiB, ce-
ramic particles on the surface of a 7005 aluminum alloy to enhance the wear resistance
of aluminum alloy friction components. Tribological assessments were conducted using
an HT-500 ball-on-disk tribometer, where specimens slid against a GCr15 ball (U = 4 mm)
under varied loads of 3, 6,9, and 12 N at a steady speed of 0.5 m-s~! for 500 m, conducted
at 20 °C. The micro-hardness of this ceramic-reinforced composite material cladding layer
is 855.8 HVj5, 15.4% higher than the Ni-based alloy coating and 6.7 times that of the
aluminum alloy substrate.
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Figure 12. Distinctive cross-sectional microstructures within different zones of the cladding coating
prepared with 15 wt.% TiBCN powder. (a) is the uppermost layer of the cladding coating. (b) is a
magnified snapshot of quadrangle [A] in (a). (c) is the transition zone. (d) is a magnified view of
the quadrangle in (c). (e) is the heat-affected zone. (f) is an enlarged depiction of the quadrangle
in (e) [78].

The poor ductility, small elastic modulus, low thermal conductivity, and high melt-
ing point of ceramic materials can lead to cracks, deformation, and delamination in the
cladding layer. Therefore, research on cladding a single ceramic onto the surface of an
aluminum alloy is relatively scarce, and composite cladding layers of ceramic-reinforced
materials mixed with metal materials are typically prepared. To address the challenges of
laser cladding ceramic materials on aluminum alloys, solutions can be sought from the
perspectives of optimizing process parameters, controlling the composition of cladding
materials, improving powder properties, adding appropriate transition layers, and the in
situ generation of ceramic reinforcement phases.

Regarding the control of the cladding material composition, Riquelme et al. [79] aimed
to address the issue of harmful Al4C3 compound formation during the laser cladding
of a SiCp-reinforced Al-based composite coating on an aluminum alloy surface. They
manipulated the reaction equilibrium of Al;Cs by adding different alloy elements, thereby
preventing the formation of Al4C3. When the Si content was low, needle-shaped Al;C3
appeared in the cladding layer. When the Si content exceeded 40 wt.%, the appearance of
Al;C5 was entirely inhibited, and more SiC particles were observed, significantly improving
the hardness of the cladding layer.

In terms of the improvement of powder properties, Kamaal et al. [80] addressed the
issue of limited cladding efficiency due to the high reflectivity of aluminum alloys and
the difficulty with ceramic material cladding. They studied the impact of powder satellite
technology on the cladding of Al-TiC powder on a 6082-T6 aluminum alloy substrate.
The hardness and wear performance of the specimens were then assessed. The wear
performance of these samples was evaluated using a CETR Universal Micro-Tribometer
3, following the ASTM G133-05 standard [81]. Tests were conducted over 10 min, using a
5 mm displacement amplitude at 1 Hz frequency. An AISI steel ball (grade 440 C, 800 HV,
6 mm diameter) was the counter body under a 5 N load. The top surfaces of the claddings,
post grinding to their center, were the focus of these tests.

In the satellite technology employed in that study, the Al-TiC powder mixture under-
went both dry and wet mixing processes. A binder was sprayed over the mixed powder
to achieve a uniform distribution. Subsequent mixing steps ensured the homogeneous
distribution of the components, breaking down any potential agglomerations or clusters.
After mixing, the satellited powder was dried, evaporating the water content and leaving
behind only a minuscule percentage of the binder. This method aims to obtain a better
homogenized powder feedstock, ensuring the consistent distribution of its components.
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Compared with the directly mixed cladding material, the cladding efficiency and TiC
content in the cladding layer increased by 29% and 113%, respectively, after using satellite
technology. Figure 13 shows the cross-sectional images of the directly mixed powder and
satellite powder cladding layer. As can be seen, the cladding material after using satellite
technology resulted in better formation of the cladding layer, with more TiC content
and a more uniform distribution. The microhardness measurements for blended and
satellited claddings were created at different laser densities. The average microhardness
for the combined class lies between 37.7 and 51.6 HV,. Claddings produced at 104
and 122 J/mm? have similar hardness values. A slight increase in hardness from 104 to
122 J/mm? is linked to denser structures and an 83% decrease in porosity at the higher
laser density. The average micro-hardness of the cladding layer improved by 60%, and the
wear rate decreased by 64%.
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Figure 13. The microhardness measurements of blended and satellited cladding matrices generated
at assorted Eeff values [80].

Table 4 presents the key findings for ceramic-reinforced composites. In general, due to
their inherent high hardness and exceptional wear resistance, ceramics significantly enhance
the cladding layer’s hardness when applied to aluminum alloy surfaces. Introducing
ceramic particles into metal-based laser cladding materials can produce a synergistic
effect between the ceramic reinforcing phase and the metal matrix. This synergy results
in a composite coating that combines high strength with flexibility. Regarding material
selection, various ceramics such as WC, SiC, TiC, and others like oxides, nitrides, and
borides can be used as reinforcing materials, providing a diverse array of choices tailored to
specific applications. For instance, coatings enriched with TiBCN have showcased superior
corrosion resistance. However, ceramic laser cladding on aluminum alloys comes with
its challenges. Given the high hardness and brittleness of ceramics, coating cracking is a
potential risk. Ensuring a strong metallurgical bond between the ceramic phase and the
aluminum alloy substrate is paramount, especially considering the non-metallic nature of
ceramics. Additionally, the microstructure of the ceramic material can be highly influenced
by laser processing parameters, emphasizing the importance of optimal parameter selection
to achieve the desired outcome. Finally, from a financial standpoint, the cost of employing
high-quality ceramics should be taken into account, as it might have implications on the
overall economic feasibility of a project.
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Table 4. Key findings on ceramic-reinforced composite coatings.

Authors

Coating Material Key Findings

Sun et al. [74]

Doubled the hardness of the cladding layer to

SiC/ Al-125i composite approximately 260 HV,..

YANG et al. [77]

Al-Si-based composite with SiC Wear resistance of cladding layer increased.

Lietal. [78]

Coating’s hardness 4.3 times higher than base material;

Ti/TiBCN reduced friction coefficient.

Kamaal et al. [80]

Achieved improved hardness by preventing

SiC-reinforced Al-based Al,C5 formation.

4. Emerging Coatings
Currently, the emerging material coatings studied for laser cladding on the surface of
aluminum alloys primarily include amorphous alloys and high-entropy alloys (HEAs).

4.1. Amorphous Materials

The traditional alloy cladding materials significantly differ from aluminum substrates
in terms of properties, resulting in an increased difficulty with and reduced effectiveness
of laser cladding on aluminum alloys. Table 5 shows the mixing enthalpy, melting point,
and specific gravity of Al elements and some metal cladding materials [81]. It can be seen
that the mixing enthalpy of aluminum elements with other metal elements is relatively
small. The aluminum substrate has a low melting point and high dilution rate, and the
lower-density aluminum elements in the substrate can easily transition to the cladding
layer and form brittle compound phases with features in the cladding layer, increasing
the tendency for cracking in the cladding layer. If the design of cladding materials could
consider the characteristics of rapid heating and cooling in laser cladding and prepare
cladding layers that are less prone to brittle phases, that would be the first new attempt and
exploration in the field of laser cladding in recent years. Currently, the emerging material
coatings studied for laser cladding on the surface of aluminum alloys primarily include
amorphous alloys and high-entropy alloys

Table 5. Thermal properties of typical transition metals: mixing enthalpy, melting point, and specific
weight [81].

Fe Cr Ni Co Cu Al
Mixing Enthalpy with Al _ B B B B }
(kJ,/mol) 11 10 22 19 1
Melting Point (°C) 1538 1857 1455 1495 1083 660
Specific Weight 7.89 7.19 8.9 8.9 8.96 2.6

Amorphous alloys, which have long-range disordered and short-range ordered struc-
tures similar to glass, are formed by inhibiting nucleation during the solidification of molten
materials. They lack crystal defects such as vacancies, dislocations, and stacking faults
and therefore possess advantages such as high hardness, wear resistance, and corrosion
resistance. The fast cooling rate of laser cladding makes it possible to apply amorphous
materials to laser cladding [82-86].

Sohrabi et al. [87] prepared Zr-based amorphous cladding layers on an AA2011-
T6 aluminum alloy surface and studied the relationship between the coating crystallization
rate and thermal input. The cladding layers produced under higher laser power yielded
more diffraction peaks than other samples. Reducing the energy density can inhibit crystal
crystallization. For samples with a laser power of 35 W and overlapping distance of
95 um, the obtained cladding layer appears amorphous under the detection resolution
of XRD tests. The wear resistance of the Zr-based amorphous cladding layer is 20 times
that of the aluminum alloy substrate. Figure 14a displays a SEM examination of the wear



Lubricants 2023, 11, 482

17 of 29

track for a sample created with optimized parameters, leading to 1% crystallization. This
wear evaluation was conducted under specific test conditions to ensure a comprehensive
understanding of the material’s behavior. Wear tests were conducted on the surface of
the samples, which were polished down to a sandpaper with a 2500 mesh size, using a
reciprocating tribometer in a ball-on-flat configuration. Al,Oj3 balls with a diameter of
6 mm served as the counterpart. During the test, an applied normal force of 2 N was
maintained at an average speed of 6 mm/s and a 1 Hz frequency. Each trial lasted 30 min,
with a stroke length of 3 mm, culminating in a total sliding distance of 10.8 m. Precautions
were taken to clean the sample surfaces and the counterpart balls in ultrasound baths with
acetone, followed by ethanol, and they were then dried with oil-free compressed air.

Figure 14. (a) SEM micrograph of the wear track (b) magnified image of region B in (a), and
(c) magnified image of region C in (a) [87].

Figure 14b,c give detailed views of regions b and c. Wear debris is spotted at Points
1 and 3, while Points 2 and 4 represent the areas with preserved coating. The oxygen at
Points 1 and 3 is likely due to the wear debris interacting with air. The observed wear
patterns and debris suggest a wear mechanism that is a combination of abrasive and
oxidation wear.

The formation of amorphous materials is related to the ratio of material components,
and obtaining high-quality amorphous cladding layers requires preventing segregation
in the coating. Wang et al. [88] used a fiber laser to clad an Al-Ni-Y ternary alloy powder
onto a ZL114 aluminum alloy surface to study its ability to form amorphous coatings on
aluminum alloys via laser cladding. The cladding layer mainly comprised blocky dark
areas and fewer net-like bright areas. The bright regions contained more Ni and Y elements,
while the dark spots contained less Ni and Y. The atomic ratio of elements in the bright
grain boundary areas is close to AlgsgNig1Y51, which has the strongest ability to form
amorphous alloys in the Al-Ni-Y system. However, XRD results did not show the apparent
complete reflection of the amorphous alloy, indicating that there are still some difficulties
in preparing amorphous coatings on the aluminum alloy surface via laser cladding under
these experimental conditions. The Ni and Y transition issue in the cladding layer must be
resolved.

Table 6 presents the key findings for amorphous coatings. As a novel coating material,
current research on applying amorphous coatings to aluminum alloy surfaces remains
limited. However, such coatings can significantly enhance the substrate’s corrosion and
wear resistance. Precise control over processing parameters and material composition ratios
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is vital to prevent segregation within the coating. Delving deeper into optimizing these
amorphous coatings’ structures, organization, and performances through laser cladding is
still a topic warranting further investigation.

Table 6. Key findings on amorphous coatings.

Authors

Coating Material Key Findings

Sohrabi et al. [87]

Coating’s wear resistance is 20x that of the substrate; reduced

Zr-based amorphous energy density inhibits crystallization.

Wang et al. [88]

Bright regions of the layer contain more Ni and Y; challenges in

AFNi-Y ternary alloy powder achieving fully amorphous coatings.

4.2. High-Entropy Alloys

In traditional metallurgy, one or two elements are usually selected as the main com-
ponents of alloy design, with a small number of other elements added to adjust alloy
properties. Only a tiny fraction of the given material can be changed. This imposes a
significant constraint on the combination of elements, making it challenging to improve
traditional materials or develop new ones. Many application fields are not adequately
catered for, especially where hardness and wear resistance are paramount. Greer’s “Con-
fusion Principle” suggests that an excess of elements would make it difficult for an alloy
to maintain its crystalline state, leaning more towards an amorphous state. Due to this,
traditional alloy design struggles to break free from the shackles of single-element design.
The emergence of HEA, a new material system, breaks this classic alloy design pattern,
opening up a new direction for alloy design in materials science [89-95].

HEAs comprise five or more elements in equal atomic ratios. In recent years, scholars
have expanded the concept of HEA to include 3 or 4, but fewer than 13, primary ele-
ments, with each element’s concentration ranging from 5 at% to 35 at% [96-99]. According
to traditional metallurgy theories, multi-principal element alloys such as HEAs would
generate complex intermetallic compounds (IMCs). However, due to the high configura-
tional entropy of HEAs, simple solid-solution phases become the main phase structures of
HEAs, such as Face-Centered Cubic (FCC), Body-Centered Cubic (BCC), and Hexagonal
Close-Packed (HCP) structures [64,98,100-107]. The difficulty in preparing aluminum alloy
coatings lies in inhibiting the formation of hard and brittle phases caused by substrate
dilution behavior and ensuring excellent coating performance. The four core effects of
high-entropy alloys provide a theoretical basis for solving this problem.

Shon et al. [108] used a two-step thermal spray-laser cladding process to prepare
AlCrFeCoNi HEAs on the surface of a 1100 aluminum alloy in situ, having found that the
high-energy density multi-layer cladding process could reduce defects like coating porosity
and cracking. They discovered that the high-energy density multi-layer cladding process
could significantly minimize defects such as coating porosity and cracking. An essential
factor in this process is the energy density, given by the formula E = P/(v x w), where E
is the energy density (J/mm?), P is the laser power (W), v is the scanning speed (mm/s),
and w is the beam width (mm). This energy density is pivotal as it governs the melting
behavior and the dilution between the coating and substrate. The energy density plays a
crucial role in determining the dilution rate of the coating. When the energy density is high,
the substrate elements are more diffused into the coating, leading to a deviation from the
coating’s initial compositional ratio. Conversely, at lower energy densities, the diffusion
from the substrate is limited, allowing the coating to maintain its original compositional
balance.

Figure 15a represents various samples’ corrosion rates (color) and corrosion potentials
(Ecorr) extracted from potentiodynamic polarization curves. Although the Ecorr values
remain similar across models, there are significant differences in the icorr values. Figure 15b
reveals the extensive pitting corrosion in the untreated Al1100 sample. Figure 15c shows
the corroded surface of the single-layered coating processed at 21 J/mm?. It exhibits sub-
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stantial corrosion, predominantly in pitting and surface cracking. There are also signs of
micro-galvanic corrosion. Figure 15d illustrates the corroded surface of a double-layered
sample processed at 21 J/mm?. Although minor pitting is observed, it is highly localized,
indicating a homogenous composition and microstructure. Figure 15e shows a double-
layered sample processed at 25 J/mm?, which experienced minimal or no pitting corrosion.
This demonstrates the benefits of minimized compositional dilution and uniform dis-
tribution of the high-entropy alloy phase. Different processing conditions affected the
microstructure and subsequent corrosion behavior of the materials. Single-layer samples
at 21 J/mm? exhibited lower corrosion resistance than double-layered samples due to a
more heterogeneous structure and substantial substrate dilution. This caused an increase
in corrosion rate.

-300

Condition Ecor leorr a)
(mV)  [(nA/cm?) r

——  UntreatedAl1100 |-735£3.5 | 1.8£0.09 i

-400 -

= = = 21Jmm?Zsinglelayer |-734+5.6 | 3.5%05 /

-500 |- !
......... 21Jmm?2doublelayer | -730+4 | 0.5%0.1 3

-« == 25JmmZdoublelayer |-730 £ 4.2 0.3+0.1

-600 -

Potential [mV] vs. SCE

-800 -

. .
10° 10° 10* 10° 10? 10" 10° 10"
Current density (mA/cm?)

Figure 15. The corrosion results for the HEA coatings (a) is a cyclic polarization diagram for the
coatings and Al1100 substrate, (b) is the corroded surface micrographs for untreated Al1100 substrate,
(c) is 21 J/mm? single HEA layer, (d) is 21 ]/ mm? double HEA layer and (e) is 25 ]/ mm? double
layer [108].

In contrast, double-layered samples showed improved corrosion resistance, partic-
ularly at a processing intensity of 25 J/mm?, which exhibited minimal or no pitting
corrosion. This was attributed to reduced compositional dilution and a uniform high-
entropy alloy phase. The system benefited from corrosion-resistant elements and a lower
aluminum content.

Siddiqui et al. [109] surface-modified an aluminum substrate with mixed powders of
high-purity Cu, Fe, Ni, and Ti, and the Al,CugsFeNiTi HEA coating displayed a mixture of
two FCC solid solutions and disordered BCC, with hardness reaching 18 times that of the
substrate.

Ye et al. [110] laser-clad an Al,FeCoNiCuCr HEA coating on the surface of an alu-
minum alloy. As the Al content increased from 1 to 2, the hardness increased from 390 to
687 HV(». Li et al. laser-clad a TixCrFeCoNiCu HEA coating on the surface of an aluminum
alloy. Wear tests were conducted under ambient conditions, utilizing a GCr15 steel ring
with a hardness of 61 HRC as the counter material. This ring measured 50 mm in diameter
and 10 mm in thickness. The test samples had dimensions of 7 x 14 x 10 mm. Under a
98 N load and at 40 r/min, the experiments lasted for 30 min. Subsequently, the wear rate
was determined from the evaluated wear volume. As the Ti content increased, the phase
structure of the Ti,CrFeCoNiCu coating changed from a single FCC to FCC + B2 phase
and FCC + Laves phase, and the hardness increased from 215 HV(, to 585 HV(,. The
addition of Ti significantly improved the wear resistance of the coating. Ma et al. [111]
added equal moles of Cu and Ti to FeCoNiCr HEA powder to improve the performance
of a 6061 aluminum alloy. The coating had high hardness and wear resistance due to
the synergistic effect of solid solution strengthening, dispersion strengthening, and grain
refinement. Shi et al. [27,112,113] prepared an AlCrFeNiCuCoCu system HEA coating on a
5083 aluminum alloy. The coating consisted of FCC + BCC and Al-rich phases, with higher
hardness and corrosion resistance than the substrate.
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Li et al. [114] explored the use of Aly gFeCoNiCrCu0.55ix (x ranges from 0 to 0.5) HEAs
as cladding materials. They harnessed the unique high-entropy impact of HEAs to limit the
development of hard, brittle intermetallic compounds, enhancing the coating’s quality and
thereby upgrading the surface attributes of the Al alloy. The wear tests were conducted at
room temperature, using a GCr15 steel ring as the counter material, which has a hardness
of 61 HRC. The steel ring had a diameter of 50 mm and a thickness of 10 mm, while the
wear sample dimensions were 7 x 14 x 10 mm. The tests were performed under a load of
98 N and at a speed of 40 r/min for 30 min. The wear rate of the material was deduced
from the calculated wear volume. These specific testing conditions ensure that the wear
behavior of the HEA claddings is understood within a defined operational environment.

As the Si content increased, the structure of the AlygCrFeCoNiCug 5Siy coating shifted
from FCC + BCC1 + BCC2 to a solely BCC1 + BCC2 formation. The hardness of the
Al gFeCoNiCrCug5Six coating initially rose, then fell as the Si content increased. The
most and least hard coatings were those composed of Aly gFeCoNiCrCug5Sip4 (592 HV(2)
and AlygFeCoNiCrCuys (412 HV ), respectively, representing hardness levels five to
seven times that of the substrate. The Si content influenced the wear resistance of the
coating similarly to its effect on hardness. With different Si contents, the wear rates
ranged from 1.19 x 107® mm3/Nm to 8.99 x 10~7 mm?3/Nm, constituting only 0.25%
to 0.34% of the substrate’s rate. Figure 16a presents the wear surface of an Al alloy,
which is characterized by severe plastic deformation along the wear direction, elongated
dimples, and a stepped fracture. Figure 16b shows the Sig coating’s wear surface, displaying
a peeling surface, furrow, and fine abrasive particles. The Sip, coating’s wear surface
in Figure 16¢ shows similar features to the Siy coating. The wear surfaces of Sip3 and
Sip 4 coatings in Figure 16d,e, respectively, exhibit a disappearance of the peeling surface
and a predominance of abrasive particles. Among them, the Sij 4 coating presents fewer
abrasive particles and a shallower furrow, suggesting better wear resistance. Finally, in
Figure 16f, the wear surface of the Sig 5 coating is featured, showing the distribution of an
adhesion layer and furrow interval.

S0um

S0um

Figure 16. Wear surface morphology of samples; (a) is 5083 aluminum alloy; (b) is
Al gFeCoNiCrCug5Si; (c) is AlggFeCoNiCrCugsSigo; (d) is AlggFeCoNiCrCug5Sig3; and (e) is
AIO.SFECONiCI‘CuOASSiOA; (f) is AlolgFeCoNiCrCu0.5Sioh5 [1 14]

Table 7 presents the key findings for HEA coatings. Due to their high mixing en-
tropy, HEAs have high degrees of disorder at room temperature, which increases with
temperature. According to Gibbs’s free energy, the larger the entropy, the smaller the
system’s free energy and the more stable the system. The high mixing entropy of HEAs
significantly reduces their free energy, thereby reducing the trend of order during solidi-
fication, inhibiting the generation of intergranular compounds, promoting the formation
of solid solutions, and resulting in coatings with more stable crystal structures. When
applied to the surface of aluminum alloys, these coatings exhibit excellent mechanical
properties and corrosion resistance. However, the industrial application of high-entropy
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alloys with high melting points and high costs still needs further exploration. However,
given aluminum’s low melting point, current laser cladding HEA coatings on aluminum
alloy surfaces predominantly focus on the FeCoNiCrCu system. The area of immiscible
HEAs is yet to be thoroughly researched, and the feasibility of this particular system in
laser cladding on aluminum alloy surfaces remains to be validated. Further confirmation is
also needed regarding incorporating ceramic reinforcing phases into HEAs. Furthermore,
from an industrial perspective, implementing high-entropy alloys, which often come with
high melting points and costs, still requires more in-depth exploration.

Table 7. Key findings on HEA coatings.

Authors

Coating Material Key Findings

Reduced defects like coating porosity and cracking through

Shon et al. [108] AlCrFeCoNi HEA high-energy density multi-layer cladding.
Siddiqui et al. [109] Mixed powders of Cu, Fe, Ni, Ti Hardness reached 18 times that of substrate.
Ye et al. [110] AlxFeCoNiCuCr HEA As Al content increased, hardness increased from 390 to

687 HV, .

Maetal. [111]

Al, Cu, Ti in FeCoNiCr HEA Synergistic effect led to high hardness and wear resistance.

Lietal. [114]

Increasing Si content shifted structure; highest hardness
Al gFeCoNiCrCu0.55ix HEAs achieved with Al gFeCoNiCrCug 5Sig 4, with wear
resistance being five to seven times the substrate’s.

5. Discussion and Suggestions

In terms of metal-based coatings, aluminum-based coatings have demonstrated their
reparative prowess in laser cladding on aluminum alloy surfaces. For instance, researchers
such as Meinert [57] applied the 4000 series of aluminum alloys to the 6061 and 7075 alu-
minum alloys. Given the ability of laser cladding to target damaged areas with precision
and carry out repairs swiftly, this method circumvents the excessive heating and enlarged
heat-affected zones that traditional repair methods might induce. The thermal property
compatibility between aluminum-based coatings and the base material renders the laser
cladding of aluminum alloy surfaces with aluminum-based coatings an efficient and cost-
effective strategy. Research by scholars like Corbin [59] indicates that heat treatments can
enhance coating hardness. However, this process might also escalate residual stresses
within the coating, amplifying the risks of cracks and other potential defects. Since both
the coating and the base material are aluminum-centric, enhancements in mechanical
properties compared to the original material are relatively limited.

Fe-based coatings have notably augmented the mechanical properties of the substrate.
The FeCrMoVC coating studied by Jeyaprakash et al. [63], and the Fe alloy with Wt.%Al
explored by Tomida et al. [63], showcased remarkable hardness enhancement. Specifically,
in the study by Tomida et al. [63], the alloy achieved a significant boost in hardness values,
ranging from 600-1000 HV, by introducing 1040 wt.% Al content. However, a common
issue with Fe-based coatings is the formation of cracks. Research by Ye et al. [64] pinpointed
that the cracks appearing at the bond interface between the coating and the base material are
attributed to Fe-Al intermetallic compounds. These cracks are associated with the internal
stresses within these intermetallic compounds and their mismatch with the substrate. The
works of Mei et al. [66] and Carroll et al. [67] further substantiated this viewpoint; the
presence of multiple brittle intermetallic compounds in the coating leads to its susceptibility
to cracking. A solution to the cracking issue might be controlling the composition of these
brittle intermetallic compounds prone to inducing cracks. Moreover, adjusting the coating
fabrication process might also be method aiming to minimize the formation of intermetallic
compounds or alter their morphology and distribution in the coating, thereby optimizing
its performance.
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Nickel-based alloy coatings are the most widely studied in the realm of metal-based
coatings. The TiB,-reinforced nickel-based composite researched by He et al. [69], and the
NiCrBSi alloy explored by Liang et al. [70], exhibited significant hardness enhancements.
The coating developed by He et al. [69] achieved a hardness that was 6.7 times that of the
substrate. At the same time, studies by Tan et al. [73], as well as Wang et al. [71], confirmed
that, compared to the substrate, nickel-based coatings boast superior wear resistance.
Testing wear resistance on aluminum alloy surfaces suggests that nickel-based coatings
can be multi-layered on aluminum alloy surfaces, with the bond strength between the
coating and substrate exceeding that of Fe-based alloys. However, due to the pronounced
physical and chemical differences between the coatings and the substrate, defects such
as cracks and porosities can easily form in the coatings. The incorporation of rare-earth
elements has been shown to alleviate these issues. However, many rare earth oxides have
melting points exceeding the boiling point of aluminum alloys. This implies that during
coating preparation, a balance must be struck between ensuring complete powder melting
and avoiding excessive dilution or evaporation of the substrate. This necessitates precise
control of the laser’s thermal input.

Incorporating ceramics into metal bases can notably enhance the substrate’s hardness
and wear resistance. For instance, in the study by Sun et al. [74], the SiC/Al-12Si compos-
ite led to a doubling of the coating layer’s hardness, reaching approximately 260 HV/,.
Similarly, the Al-Si-based composite containing SiC researched by Yang et al. [77] also
showcased the augmented wear resistance of the coating. The extremely high melting
points of ceramics pose challenges for their application. In preparing ceramic-inclusive
coatings, there is a need to control the thermal input of the laser precisely.

Research on laser cladding for aluminum alloy surfaces is primarily focused on two
emerging types of coatings: amorphous alloys and high-entropy alloys. Amorphous
alloys, characterized by long-range disorder and short-range order similar to glass, are
formed by suppressing nucleation during the solidification of molten materials. Due to their
absence of crystallographic defects such as vacancies, dislocations, and stacking faults, these
materials theoretically possess superior properties such as high hardness, wear resistance,
and corrosion resistance. Studies by Sohrabi et al. [87] and Wang et al. [88] highlight the
potential of amorphous coatings when laser clad onto aluminum alloy surfaces, significantly
enhancing the substrate’s wear resistance. Future research should focus on reducing or
eliminating segregation in the coating during the laser cladding process to achieve a
uniform and defect-free amorphous layer.

Laser-clad HEA coatings have been proven to enhance aluminum alloy surfaces” hard-
ness, wear resistance, and corrosion resistance. Researchers like Siddiqui [109], Ye [110], and
Ma et al. [111], through their respective studies, have revealed the advantages of HEAs. By
introducing elements like Al and Si, we can enhance the coating’s performance. However,
HEA research is still in its early stages and lacks a solid theoretical basis. The high-temperature
attributes of laser-clad HEAs are primarily limited to basic properties such as hardness and
resistance to oxidation. Comprehensive studies on their high-temperature behaviors, like
creep and thermal fatigue, are absent. The rapid cooling in the laser cladding of HEAs occurs
under non-equilibrium conditions, and the underlying mechanisms are not well understood.
The industrial applications of laser-clad HEAs are limited, with many process parameters
being experimentally optimized. Future research can aim to develop a design model for
laser-clad HEAs, explore the underlying scientific theories of component design, and expand
on current alloy theories to understand the component-structure—performance interplay
better. Additionally, in-depth studies into these HEAs’ solidification dynamics and complex
structures under non-equilibrium conditions are vital.

Consolidating the research findings above, Table 8 provides an integrated overview of
various coating types, their recommended application environments, expected performance,
and pertinent precautions.
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Table 8. Comparative analysis of coating types, their application recommendations, expected out-

comes, and implementation precautions.

Coating Type

Recommended Application
Environment/Conditions

Expected Performance

Precautions

Aluminum-based coating

Component repair sectors;
areas with low surface
performance demands

Hardness and corrosion
resistance are similar to the
base material

Heat treatment can enhance
mechanical properties and
ensure process control to
prevent coating from cracking.

Iron-based coating

Low-cost coating needs;
high surface hardness
domains

High surface hardness

Limited improvement in
corrosion resistance; the
coating has high crack
sensitivity.

Nickel-based coating

Cost-insensitive areas;
high hardness and wear
resistance domains

High surface hardness, wear
resistance, and moderate
corrosion resistance

Add rare earth elements to
reduce cracks; monitor laser
heat closely.

Ceramic-based Coating

High hardness and wear
resistance domains

High surface hardness and
wear resistance

Strong crack sensitivity;
complex reaction products.
Process control is essential.

Amorphous alloy Coating

Wear-resistant domains;
cost-insensitive areas

Decent hardness and wear
resistance

Emerging coating with limited
research; the practical

application needs verification.

High-Entropy alloy Coating

Coating is expensive. Utilize
the “cocktail effect” of
high-entropy alloys; regulate
Al, Si, Ti, and Cr components
and composition for
performance tuning.

Cost-insensitive areas; high
hardness, wear, and corrosion
resistance domains

High surface hardness, wear
and corrosion resistance

6. Conclusions

The failure and scrapping of mechanical equipment under harsh conditions cause
substantial economic losses to industrial production. Laser cladding technology provides a
rapid and environmentally friendly approach to the surface strengthening and remanufac-
turing of workpieces. It effectively improves the surface properties of aluminum alloys or
serves as a surface repair technology for these alloys. At present, the cladding materials
for aluminum alloy laser cladding research cover metal-based alloys, ceramic-reinforced
composite materials, and some emerging materials, focusing on enhancing the surface
hardness, wear resistance, or corrosion resistance of the aluminum alloy based on the
different characteristics of the materials.

Although significant achievements and developments have been made in research
on laser cladding coatings for aluminum alloy surfaces domestically and abroad in recent
years, many key issues are still worthy of further in-depth study and improvement. Due to
the inherent difficulties in aluminum alloy laser cladding, such as high laser reflectivity,
the ease of forming a high-melting-point oxide film on the aluminum alloy surface during
cladding, the high dilution rate of the cladding layer, deviations in the coating composition
from the designed nominal composition, and the occurrence of cracks, pores, and other
defects, the alloy elements undergo oxidation and burning, leaving aluminum alloy laser
cladding primarily in the experimental stage, unable to be applied on a large scale in actual
industrial production.

To address the problems in aluminum alloy laser cladding, current solutions mainly
focus on the following areas:

(1) Composition design and control of the cladding layer material. Based on traditional
composition design, and considering the process characteristics of laser cladding technology,
cladding powder systems are designed for aluminum alloy laser cladding conditions.
This includes developing emerging cladding layers, adding absorbers to enhance laser
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absorption capacity, adding rare earth elements to improve the flowability of the molten
pool, the in situ generation of ceramic materials, and the research and development of
gradient coatings.

(2) Regulation of laser process parameters and the research and development of other
auxiliary technologies. Reasonable control of laser power, scanning speed, powder feed
rate, and other laser process parameters is required to establish an appropriate aluminum
alloy laser cladding process parameter window. Simultaneously, the introduction of aux-
iliary technologies such as electric fields, magnetic fields, ultrasonic vibrations, and the
combination of laser cladding with laser shock, micro-forging, etc., can effectively im-
prove the distribution of residual stress, suppress the problems of cracks and pores in the
cladding layer, and enhance the fatigue resistance and other comprehensive properties of
the samples.

(3) Pre-treatment and heat treatment of the aluminum alloy surface. The use of
physical or chemical methods to remove the oxide film on the aluminum alloy surface
before cladding, preheating of the substrate, and the possible remelting or annealing of the
coating after cladding, or other methods, can reduce the temperature difference between
the cladding layer material and the aluminum alloy substrate during the laser cladding
process, thereby reducing thermal stress and achieving the aim of lowering the amount of
cracking of the cladding layer.

To address the current challenges in this area, future endeavors could be channeled
into the following areas:

(1) The design of novel cladding material composition and gradient structures: Current
efforts have explored the potential of amorphous alloys and HEAs as coatings. However,
due to the large linear expansion coefficient, high thermal conductivity, and relatively low
elastic modulus of aluminum alloys, there is significant difficulty in matching the thermo-
physical properties of the surface reinforcement layer material to the alloy. To circumvent
the pronounced thermophysical disparities between the coating and the substrate, the
design of cladding layer materials can be approached by achieving a gradient change in the
powder layer composition and in situ generation on the surface. Incorporating emerging
materials, like gradient amorphous coatings and gradient HEA coatings, may pave the way
for coatings that combine high toughness at the interface with the substrate and hardness
at the surface, fulfilling the promise of innovative coatings.

(2) The optimization and control of the interface between reinforcement particles and
the matrix: The rapid cooling and solidification process inherent to laser cladding results in
structural and performance variations at the interface between the particles and the matrix,
as compared to those obtained through comprehensive reaction processes such as sintering
and casting. Given that the interfacial performance significantly influences the composite
coating’s overall attributes, harnessing techniques like process optimization and material
compatibility assessments is imperative to achieve superior interface properties.

(3) The development of advanced laser cladding systems: This entails the creation
of high-powered, short-wavelength lasers to augment the energy density and cladding
efficiency of aluminum alloy laser cladding. Additionally, there is a need to set up a
comprehensive database dedicated to aluminum alloy laser cladding. Such a database
would aim to establish benchmarks and repositories for accurately evaluating cladding
materials, processing parameters, and structural attributes, aligning with the emerging
trends of digitalization and informatization.
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